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GUNTER-SMITH, P. J. Gamma Radiation Affects Active Electrolyte Transport by Rabbit Il-
eum. II. Correlation of Alanine and Theophylline Response with Morphology. Radiat. Res.
117,419-432 (1989).

The response of ileal segments isolated from rabbits to an actively transported amino acid and
a secretagogue was evaluated following exposure to 10 Gy whole-body y'irradiation. The ability
of ileal segments to respond to the actively transported amino acid, alan ne, was not significantly
diminished until 96 h postexposure. Decreased responsiveness to the secretagogue, theophylline,
occurred earlier at 72 h. These effects did not appear to be accounted for by decreased food intake
of irradiated animals alone. Examination of intestinal morphological changes with respect to
these changes in electrolyte transport revealed that decreased amino acid transport coincides
with loss of intestinal villi. Although a morphological correlate of decreased secretory response
was not as striking as that for absorption, the theophylline response appeared to decline concom-
itant with the appearance of increased mitotic activity in the intestinal crypts. The results of this
study indicate that, following a dose of 10 Gy, the inability of these tissues to respond to amino
acids is due to a loss of mature villus absorptive cells subsequent to denudation of the intestinal
mucosa. There appeared to be little impairment of cell membrane transport processes for ala-
nine. In contrast, the decreased secretory response could not be correlated with the disappear-
ance of any one cell type and perhaps results from increased proliferation in the crypts at the
expense of differentiation. © 1989 Academic Press, Inc.

S2-

INTRODUCTION

Although effects of ionizing radiation on the gastrointestinal tract have been well
documented (reviewed in (1, 2)), recent studies continue to provide new insight into
the mechanisms underlying postirradiation dysfunction. Many studies have focused
on the effects of radiation on nutrient absorption (3-8). There is, however, essentially
little information concerning the effect of radiation on the other mode of transport
in these tissues, electrolyte secretion. Not only are cellular transport processes under-

4 lying secretion different from those associated with absorption, absorptive and secre-
tory cells appear to be localized to distinct regions of the intestinal mucosa, villus and
crypt, respectively (9-11). Recent observations from this laboratory (12) indicated
that active transcellular electrolyte secretion is stimulated 24 h following radiation
exposure, which may contribute to fluid and electrolyte loss. Thus information con-
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cerning the effect of radiation on secretory as well as absorptive processes is important
to an understanding of intestinal dysfunction postirradiation.

To examine the role of membrane transport processes in postirradiation intestinal
dysfunction in greater detail, this study assesses in rabbit ileum the effect of radiation
on two well-characterized active transport processes. Both absorption, stimulated by
amino acids, and secretion, stimulated by theophylline, are evaluated. These data are
correlated with changes in morphology to examine the relation between functional
and morphological damage induced by exposure to ionizing radiation. In addition,
since absorption and secretion are localized to different areas, the results are discussed
with respect to regional effects of radiation. The results show that both absorption
and secretion are inhibited by radiation exposure with different time courses. Further,
in some cases, this loss of function can be attributed to the demise of a population of
intestinal cells.

METHODS

Male New Zealand White rabbits (Hazelton Dutchland, Denver, PA) weighing 2-3 kg were screened for
evidence of disease prior to use. They were individually housed in stainless steel cages and maintained in
rooms at 21 *C, 50% RH, 12 h light/ 12 h dark (no twilight). They were allowed access to commercial chow
and tap water ad libitum except for "fasted" animals from which food Wa's withheld. All procedures used
for animal irradiation and assessment of transepithelial transport have been reported previously (12).
Briefly, the terminal ileum was isolated from euthanatized New Zealand White rabbits (80 mg/kg iv. pento-
barbital sodium) that were either exposed to 10 Gy whole-body 6°Co radiation, sham irradiated, or fasted.
These tissues are referred to as irradiated, control, and fasted, respectively. The following times were se-
lected for isolation of tissues from the animal: 24, 48, 72, or 96 h postirradiation or postfast.

For the assessment of transepithelial electrical parameters, the tissues were mounted in chambers and
bathed with a standard Ringer's solution (12). Transepithelial potential (PD), resistance (R,), and short-
circuit current (I,, which represents the sum of all active transcellular ion movements across the tissue)
were monitored as previously described (12). After steady-state baseline values were achieved (generally
80-100 min), the response of the intestinal segments to an actively transported amino acid was determined
by the addition of alanine from stock solutions to the luminal bath (final concentration, 10 mM). Subse-
quently, alanine was removed allowing the reestablishment of baseline values and then replaced by Ringer's
containing the secretagogue theophylline (10 mM). The response of irradiated and fasted segments was
always compared to that of a control animal from the same "batch" of animals to minimize differences
arising from different groups of animals. All results are expressed as the mean ± SEM. Significant differ-
ences from control were determined at the 0.05 level using the Student's t test.

Additional segments of tissue isolated from the same animals used in transport studies were prepared
for morphological examination. Sections were stained with hematoxylin and eosin and examined for quali-
tative changes in morphology postirradiation,

RESULTS

Transport studies. The results of a typical experiment are shown in Fig. I in which
the response of ileal segments isolated from an irradiated animal 24 h postexposure
is compared to that from a control animal. Although the baseline IC was elevated 24
h postirradiation, the response of the tissue to both alanine and theophylline was
essentially identical to control. Previous studies from this laboratory (12) have shown
that the elevated basal I, postirradiation reflects a stimulation of cellular secretory
processes (blood to lumen) that are similar to those elicited by secretagogues such as
theophylline (13). This differs from the ionic basis of the increase in I, following
alanine addition, which reflects increased transcellular absorptive processes (9).
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FIG. 1. l,, of ileal segments from a control and an irradiated animal (10 Gy) with respect to time after
mounting in chambers. Each point is the mean of values for four segments from the same animal. Arrows
labeled 1, 2, and 3 indicate alanine addition, alanine removal, and theophylline addition, respectively.

The time course of differences in the response of irradiated segments (10 Gy) to
alanine or theophylline with respect to controls is shown in Fig. 2. There were no
significant differences observed in the response to alanine until 96 h postexposure by
which time the response was greatly diminished. Significant declines in the response
of irradiated segments to theophylline were observed to occur earlier at 72 h postirra-
diation.

Since food intake of irradiated animals initially decreases following exposure, the
effect of fasting on the response to alanine and theophylline was evaluated in control
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FIG. 2. Response of irradiated tissues to alanine (hatched bars) and theophylline (filled bars) compared

to controls with respect to time postirradiation. AResponse = Als (irradiated) - A/, (control); n = 4
irradiated and 4 control tissues for each bar, * indicates significant difference.
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TABLE I

The Effect of Fasting on the Response to Alanine and Theophylline

24 h 48 h 72 h 96 h

Alanine 6.6 ± 15.4 -54.8 ± 11.3 -17.7 ± 12.5 -22.3 ± 11.9
P NS <0.03 NS NS
Theophylline 11.2± 14.4 -28.0 ± 5.7 -42.9 ± 20.6 -44.8 ± 26.2
P NS <0.03 NS NS

Vote. Data are expressed as the mean of. I, (fasted) - -%I,, (control) for four experiments. NS = nonsig-
nificant.

animals. As shown in Table I, the response of "fasted" animals to both alanine and
theophylline was decreased compared to nonfasted controls at 48 h postfast. Differ-
ences in the response were not significant at the other times studied including those
at which significant effects of radiation were noted. Direct comparison of the fasting
with the irradiated data (Table I and Fig. 2), however, did-not show significant differ-
ences between these two groups at 72 or 96 h.

Morphology. The morphology of ileal segments isolated from tissues used in the
transport studies above was examined in an attempt to further define the factors un-
derlying the changes in transport properties following radiation exposure. Figure 3
shows the typical appearance of an ileal segment from a control animal. Long finger-
like projections, villi, protrude into the lumen with numerous crypts at their base
(Fig. 3A). Cells lining the villi are columnar epithelial cells; their brush borders (com-
posed of microvilli on the individual cells) are clearly visible in Fig. 3B. A smaller
population of mucus-secreting goblet cells is also present. In contrast to the villus
area, the crypt area (shown in Fig. 3C) has at least five main cell types (14). Three of
these are easily identified in the field: Paneth cells located at. the base of the crypt,
goblet cells, and a proliferative cell in which a mitotic figure is visible. Argentaffine
and undifferentiated crypt cells are not easily identified in this section.

The effects "of radiation on the morphology of rabbit ileum was similar to that
observed in this and other species for a dose that is considered "threshold" for gut
injury (15). The severity of the damage was quantitatively less than that associated
with pure gut death and a proliferative burst was observed in the crypts at the later
times. The time course of the changes in morphology is detailed in Figs. 4-7. At 24 h
postexposure little change in the gross morphology of the tissue is visible (Fig. 4A).
There is no obvious blunting of the villi and the brush border membranes are still
prevalent (Fig. 4B). There is no major disruption of the crypt epithelium, although
discrete areas of cell death are visible (Fig. 4C). While the radiosensitive cells cannot
be identified in the figure, the Paneth cell population appears virtually unaffected.
Interestingly, mitotic figures are not frequently seen at this time, suggesting that, while
major alterations in morphology have not occurred, mitosis has been interrupted.
Blunting of the villi is observed by 48 h postirradiation, and a greater proportion of
the villus appears occupied by goblet cells compared to control (Figs. 5A, 5B). Cell
death in the crypts appears comparable to that at 24 h. However, at this time mitotic

L.... mn m



ILEAL ABSORPTION AND SECRETION POSTIRRADIATION 423
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FIG. 3. (A) Morphology of ileal segment from a control animal. Villus (V) and crypt (C) regions are
designated. Boxes indicate regions from which higher magnifications ((B) and (C)) were taken. (B) Higher
magnification of villus showing goblet (GC) and epithelial cells (EC). (C) Higher magnification of crypt
showing goblet (GC) and Paneth cells (PC). A mitotic figure is shown at M. The scale shown is 200 Aim.
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FIG. 6. (A) Gross morphology of ileal segment 72 h postirradiation. Higher magnification of villus and
crypt regions in (B) and (C) is taken from different sections but from the same animal. A mitotic figure is
shown at M. Scale is 200 im.
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figures are observed once again (Fig. 5C). Similar changes in morphology are ob-
served 72 h postirradiation (Figs. 6A, 6B); blunting of the villi appears to have in-
creased. The number of mitotic figures appearing in the crypt area also seems to have
increa- A .d in Fig. 6C. By 96 h postirradiation, blunting of villi has progressed until
they are virtually absent (Fig. 7A). Where not denuded, the villus remnants are cov-
ered with cuboidal rather than columnar cells (Fig. 7B). The overall depth of the crvpt
epithelium has increased. Mitotic figures are numerous and observed even in the neck
region of the crypt. This was not seen at earlier times. Thus the entire mucosa appears
to be undergoing a proliferative burst at this time, perhaps in an attempt to repopulate
the mucosa with viable cells.

t
DISCUSSION

In an earlier study (12), changes in basal transcellular electrolyte transport pro-
cesses of rabbit ileum were described with respect to dose and time after radiatior
exposure. The results indicated that a stimulation of electrolyte secretory processes
occurred 18-24 h postirradiation that was suggested to contribute to fluid and electro
lyte loss associated with the gastrointestinal syndrome. In the present study, changes
in the physiological function of the intestinal mucosa with radiation have been ex-
plored in greater detail and correlated with morphological changes. The response o'
ileal segments from irradiated animals was determined for both an actively trans-
ported amino acid, alanine. and a secretagogue, theophylline. Since the responses of
the tissue to these agents have been previously attributed to different cell populations
(9-II), evaluation of these processes allows differential examination of functional
damage to these two regions of the intestinal mucosa.

Increases in I,, following the addition of actively transported amino acids and sug-
ars to the luminal solution have previously been shown to reflect increased transcellu-
lar Na absorption (9). Na absorption is stimulated because the influx of sugars and
amino acids into the cell is energetically coupled to Na entry. In addition, overall
fluid absorption is increased in the process due to the resulting osmotic driving force.
Previous studies have provided compelling evidence that only the columnar epithelial
cells lining the intestinal villi acquire transport processes required to absorb sugar and
amino acids atsome time during migration along the villus (16). Thus the assessment
of the response to alanine following radiation exposure specifically probes one facet
of the functional integrity of the villus epithelium.

A significant effect of radiation on the response of ileal segments to alanine was not
observed until 96 h postexposure by which time the response was virtually absent.
Morphological examination of the tissue indicated that this decline in the response
to alanine coincided with the disappearance of the intestinal villi. Since the electrical
resistance of the tissue was previously shown to be maintained at this time (12), the
I, still appears to assess transport accurately in these tissues. Thus decreased amino
acid transport can be attributed to a loss of absorptive villus cells, rather than to an
effect of radiation on the underlying cellular transport mechanisms.

Previous studies of the effect of radiation on nutrient absorption by rat intestine
postirradiation (3-7) reported decreased intestinal absorption at 72 h consistent with
the results of the present study. In some cases (3-6), an initial increase was observed
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at 20 h that was not seen in the present study. Reduced nutrient transport postirradia-
tion was attributed to an impairment of underlying cellular transport processes. How-
ever, in support of the conclusions drawn in the present study, reduced transport
often coincided with severe morphological damage to the intestinal mucosa (5, 6).
Likewise, Kwock et al. (17) observed that decreased Na-dependent amino acid trans-
port in lymphoid cells immediately preceded decreased cell viability. Additional sup-
port for the notion that decreased nutrient transport does not result from impaired
cellular transport processes is found in more recent studies in which the effects of
radiation on transport can be clearly distinguished from cell killing and effects on
proliferation. Cheeseman et al. (8) observed no change in leucine transport in entero-
cytes isolated from rats 3 days after 6 Gy; glucose transport was actually enhanced in
these cells. This latter effect was suggested to be compensatory subsequent to a loss
of absorptive surface area. Additionally, Moran et al. (18) observed no change in
basal Na-coupled sugar transport following irradiation of cultured renal epithelial
cells. They observed, however, an inability of irradiated cells (>5 Gy) to up-regulate
the number of glucose transporters when given an appropriate stimulus that was at-
tributed to an effect of radiation on gene expression.

In addition to studying nutrient absorption, this study also examines intestinal
secretory processes postirradiation. Assuming (as is generally accepted) that these
processes reside in cells of the crypt epithelium (9-11), evaluation of the response of
the tissue to a secretagogue such as theophylline will assess the functional integrity
(in terms of transport) of this region. Theophylline was observed to increase I of
control as well as irradiated intestinal segments at early times postexposure (<72 h).
The increase in I4 elicited by theophylline is related to a stimulation of anion secre-
tory processes (13). As is true for osmotic fluid absorption resulting from alanine
transport, this secretory process stimulates the secretion of fluid into the intestinal
lumen. Indeed, it is the stimulation of cellular secretory processes that is responsible
for fluid and electrolyte loss associated with a large number of diarrheal diseases (19).

Decreased responsiveness of ileal segments to secretagogues was observed 72 h
postirradiation. Examination of the morphology of the intestinal mucosa at this time
revealed blunfing of the villi and increased mitotic activity in the crypts. By 96 h
postirradiation, mitotic figures were observed even at the neck of the crypts, but a
major loss of cellularity in the crypt epithelium during this time was not apparent.
Thus, as described previously for the small intestine of other species (20-22), rabbit
ileum apparently undergoes a proliferative burst in an attempt to repopulate the in-
testinal mucosa. Evaluation of transport data with respect to the morphology of the
crypt epithelium would suggest that, in contrast to absorption, secretion is diminished
in spite of a maintenance of cellularity in the crypt epithelium. Since substantial
blunting of the villi does occur 72 h postirradiation, this result could be interpreted
as indicating that some villus cell population that is secretory is lost by this time.
Since amir , acid transport (clearly a villus cell function) was not diminished at 72 h
but was I .Inished at 96 h, this would require a preferential decline in secretory
pr-ocesse, ',d/or enhancement of absorptive processes in these cells. Given the evi-
dence suggeVtv,' that secretion is localized to the crypts (cf. (9-11)) and that increased
mitosi- is o),erved at 72 h, a more attractive explanation for the data is that the
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inability of the tissue to respond to a secretagogue is related to decreased differentia-
tion of the crypt cell population.

These results complement our earlier observations (12) of changes in basal active
electrolyte transport postirradiation. A secretory response was observed which
peaked between 18 and 24 h postirradiation and subsequently declined. The basis of
this time course was unexplained. It now appears reasonable to suggest that as for
secretion stimulated in vitro by theophylline, the basal secretory response postirradia-
tion declines due to population of the intestinal crypts with less differentiated cells
undergoing mitosis.

In interpreting the results of this study with respect to the effect of radiation on
intestinal function, two important caveats require consideration. The first is that the
experimental conditions employed may not precisely reflect the environment of the
irradiated intestine in vivo. This is a consequence of the requirements for measuring
active transcellular intestinal transport which must be done in vitro using a well-
defined media bathing the tissue. Thus the tissue is not exposed to various substances
normally present in the lumen (e.g., bile and pancreatic enzymes) or blood that may
contribute to alterations in intestinal transport postirradiation. This concern is tem-
pered, however, by the fact that the tissues used in this study were isolated from the
animal immediately before transport was assessed and therefore exposed to these in
vivo factors from the time of exposure to the time of measurement. Prolonged effects
and/or damage from such agents would still be observed in these studies, and al-
though short-lived effects would not be observed, they are less likely to be factors in
the response.

The second caveat is that the changes observed may not reflect direct radiation
damage to the intestinal mucosa, but secondary effects of agents such as those dis-
cussed above or other factors resulting from radiation exposure. One of these is the
possible influence of decreased food intake observed in irradiated animals which was
evaluated in this study by comparing the response of fasted animals to alanine and
theophylline to that of their matched controls in a separate series of experiments.
Diminished alanine and theophyllir e responses of segments from fasted animals were
significant at 48 h but not at later times when significant effects were observed be-
tween irradiated animals and controls. Although the magnitude of the differences in
the response for irradiated animals was nearly twice that of fasted animals, a direct
comparison of the data from these two groups did not reveal statistically significant
differences between fasting and irradiation at 72 or 96 h. While this may be related
to the degree of variance associated with the physiological response of the two groups
to these conditions, it prevents concluding unequivocally that decreased food intake
is not a fpctor in the radiation response. However, considering that irradiated animals
are not tl:,'!y fasted and have resumed eating by 72 h postexposure, the direct com-
parison of fasting and irradiated data may overestimate the role of fasting in the re-
sponse of irradiated tissues. This taken together with previous studies of starving rats
(23, 24) indicating less severe morphological changes than those observed in this
study in irradiated rabbits makes it difficult to reconcile the results from irradiated
animals as only secondary to decreased food intake.

In summary, the response of the intestinal mucosa to an actively transported
amino acid and a secretagogue was used to assess differential effects of radiation on
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villus and crypt epithelia, respectively. These results taken together with the morpho-
logical changes observed suggest that secretory processes decline at 72 h perhaps due
to increased proliferation in the crypts at the expense of differentiation. Nutrient ab-
sorption was observed to decline later at 96 h and was related to the loss of mature
villus cells which normally occupy the intestinal villus.
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